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We have used the organotypic culture system as a model to study the initial infectious process and spread of herpes
simplex virus type 1 (HSV-1) in fully stratified and differentiated human epithelial tissue. The growth kinetics of HSV-1 were
determined in organotypic tissues of human epidermal or ectocervical origin. Concurrently, we followed the spread of HSV-
1 by immunostaining thin sections of infected organotypic tissue. After HSV-1 was applied to the top cornified epithelial
layer, virus penetrated to the basal layer of replicating epithelium and grew to high titers. The virus was limited in its spread
in that not all cells within the tissue had demonstrable infection. A ribonucleotide reductase mutant, ICP6D, could infect
and replicate in basal layers of the organotypic tissues. However, we found that spread was limited in, and to, the basal
cell layer. Peak ICP6D titers were 100-fold less than in cultures infected with wild-type HSV-1. Studies of HSV mutants
should allow us to further define the role of specific viral genes which are associated with infection and spread in a tissue
culture system that mimics the initial portal of entry for certain HSV infections. q 1997 Academic Press
INTRODUCTION as monolayer cell cultures and animal model systems, re-
spectively. Monolayer cell culture models have provided a
Numerous techniques have been used to culture epi- detailed description of the basic replication cycle of HSV
thelial cells in tissue culture. The organotypic raft culture (Roizman and Sears, 1996). Animal models have been uti-
system has proven to accurately mimic the in vivo physi- lized to study the pathogenesis of HSV infections. Animal
ology of the epidermis (Asselineau and Prunieras, 1984; models have focused in general on the study of latency and
Asselineau et al., 1986; Fuchs, 1990; Meyers and Lai- therapeutic intervention. Although these animal models use
mins, 1994). Epithelial organotypic cultures consist of the epidermal/mucosal routes of infection, only a few stud-
placing keratinocytes on top of a dermal equivalent com- ies have focused on the initial infectious process and spread
ponent (Fig. 1). When raised to the air – liquid interface, of HSV in fully stratified and differentiated epithelial tissue.
the keratinocytes stratify and differentiate into full-thick- Madin–Darby canine kidney (MDCK) cells capable of mini-
ness epithelium. Growth of keratinocytes in this system mal stratification in culture were shown to have significantly
allows for a complete differentiation program in contrast restricted ability to support infection and replication of HSV-
to what is achieved in monolayer cell cultures. Organo- 1 after polarization and formation of tight junctions occurred
typic cultures have been extensively used to study the (Hayashi, 1995). MDCK cells have also been used to demon-
life cycle of human papillomaviruses (HPVs), including strate the asymmetrical distribution of HSV-1 cell receptors
demonstration of the complete replicative life cycle of in polarized cells (Sears et al., 1991). One of the objectives
HPV in vitro (Meyers et al., 1992). of our studies was to show that organotypic epithelial tissue
Organotypic epithelial cultures are potentially a powerful cultures may serve as a model for studying the initial infec-
tool for the study of other infectious agents that infect the tious process and spread of HSV-1 in fully stratified and
epithelium, such as herpes simplex virus (HSV). The basic differentiated human epithelial tissue. This methodology
pathogenesis of HSV is the ability of the virus to infect and may be valuable in determining which viral proteins play a
replicate at mucosal or epidermal surfaces, be transported role in the infectious processes in epithelial cells progress-
with subsequent replication at the ganglia, and become ing through a complete differentiation program, in contrast
latent. At present, a number of systems are being used to to the lack of differentiation attained in monolayer cultures.
study the infection and spread of HSV. Typically, these in- Such a model may allow for attachment, replication, and
clude a variety of in vitro and in vivo methodologies such efficient spread of the virus in a complex tissue culture
system that mimics the initial portal of entry for certain HSV
infections.1 Current address: Department of Biology, University of Evansville,
In this article we present results from experiments thatEvansville, IN 47722.
utilized the organotypic tissue culture methodology for2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (717) 531-6522. E-mail: cmeyers@bcmic.hmc.psu.edu. the study of infection, replication, and spread of HSV-1
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sue specimens, respectively. The dermis was removed
from the epidermis and discarded. The epidermis was
cut into approximately 2-mm square pieces, placed into
a 10-cm tissue culture dish, and allowed to partially dry at
room temperature. E medium was prepared as previously
described (Meyers et al., 1994; Meyers, 1996; McCance,
et al., 1986). E medium plus 5 ng/ml epidermal growth
factor (EGF) were then added to amply cover the tissue
and samples which were incubated at 377. E medium
and EGF were changed every other day. Explants were
observed daily for outgrowth of cells from the tissue chip.
After outgrowth began, mitomycin C-treated J2 3T3 feeder
cells were prepared and added to the explant cultures
as previously described (Meyers et al., 1994; Meyers,
1996). When outgrowths covered a third of the plate,
they were trypsinized, counted, aliquotted for long-term
storage in liquid nitrogen, and then used as needed
(Meyers et al., 1994).
Keratinocytes were grown in monolayer culture using
E medium plus EGF, in the presence of mitomycin C-
treated J2 3T3 fibroblasts. Organotypic epithelial culture
tissues were grown as previously described (Meyers et
al., 1994; Meyers, 1996). Briefly, keratinocytes were
seeded onto collagen matrices containing J2 3T3 fibro-
blasts. After the keratinocytes grew to confluence, colla-
gen matrices were lifted onto stainless steel grids and
the cells were fed by diffusion from under the matrix.
FIG. 1. Diagram of the organotypic (raft) culture system. Keratinocytes
Once lifted to the air– liquid interface, organotypic cul-are plated onto a submerged dermal equivalent consisting of a collagen
tures were fed with E medium only (no EGF). The kera-matrix containing necessary nutrients and fibroblast feeder cells. When
the keratinocytes grow to confluency the collagen matrix is raised tinocytes were allowed to stratify and differentiate into
onto a metal grid and subsequent feeding occurs from underneath by full-thickness epithelium at the air– liquid interface (7 to
passage of nutrient through the matrix. Cells stratify and differentiate 8 days).
over a 12- to 14-day incubation period.
Infection and titering
and a ribonucleotide reductase (RR) null mutant, ICP6D.
Wild-type virus was able to penetrate to the basal cell Fully stratified and differentiated organotypic culture
tissues were infected with wild-type HSV-1, strain KOS, orlayers of replicating epithelium and grow to high titers.
Growth kinetics of HSV-1 were determined in organotypic an HSV-1 ribonucleotide reductase (RR) mutant (ICP6D)
(Goldstein and Weller, 1988). The ICP6D mutant virustissues grown from both human epidermal (foreskin) and
ectocervical (cervix) origins. The spread of the virus was was a generous gift from Dr. S. K. Weller (University of
Connecticut Health Center). Medium was removed fromfollowed in the infected tissues and limited spread was
demonstrated in that not all cells within the tissue were each plate and approximately 103 to 104 plaque-forming
units (PFU) in a volume of 0.5 ml was applied and reap-infected. The RR mutant, ICP6D, could infect and repli-
cate in basal layers, but its spread was limited to the plied to the top of the organotypic tissues four times at
15-min intervals for 1 hr. Infected tissues were grownbasal layer cells. In these studies we demonstrate the
facility of the organotypic epithelial tissue culture system using E medium as before and incubated at 377. Tissues
were harvested at various times over a 96-hr period andfor the study of HSV mutants to determine which viral
genes are necessary for attachment, replication, and effi- frozen at 0807. Infected organotypic tissues were pro-
cessed for virus titrations by adding 1 ml of medium percient spread in a culture system that mimics an initial
site for HSV infections. culture and sonicating the tissue for 30 sec in a water-
filled cup horn sonicator accessory to allow for the sterile
disruption of the differentiated cell layers away from theMATERIALS AND METHODS
collagen matrix. Tissue sonicates were frozen and
Keratinocyte cultures and organotypic cultures
thawed three times in a dry ice/ethanol bath for 15 min
each. The 30-sec sonication was repeated and the frac-Foreskin and ectocervical keratinocytes were isolated
from newborn circumcision and adult hysterectomy tis- tured organotypic tissues were spun at low speed to
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pellet the remaining collagen/cell debris. Aliquots of
each organotypic tissue time point were titered on Vero
cells and graphed as total PFU per infected organotypic
culture. The zero (0) time point is the titer of the initial
inoculum used to infect all tissues within an experiment.
To determine if infection was occurring from the top
or the bottom of the organotypic culture tissue, fully stra-
tified and differentiated tissues derived from human fore-
skin keratinocytes were infected with HSV-1 as de-
scribed above or by applying virus directly to the underly-
ing culture medium at a concentration of 500 PFU/ml in
a total volume of 6 ml. The viral inoculum applied in the
medium for infection from below was allowed to remain
in the culture medium for the duration of the incubation
period (48 hr). Virus titrations were performed as de-
scribed above.
FIG. 2. Infected organotypic (raft) tissue growth curves. Fully stratified
and differentiated organotypic culture tissues were infected with eitherImmunohistostaining
wild-type herpes simplex virus type 1 (HSV-1 KOS) (circles and trian-
gles) or a HSV-1 ribonucleotide reductase (RR) mutant ICP6DFully stratified and differentiated organotypic culture
(squares). Organotypic culture tissues were derived from either humantissues derived from human foreskin keratinocytes were
foreskin keratinocytes (HFK) (circles and squares) or human ectocervi-
infected with either wild-type HSV-1 or the RR mutant, cal keratinocytes (HCK) (triangles). To each tissue 103 to 104 PFU of
ICP6D. Tissues were infected with 103 to 104 PFU as virus was applied as described under Materials and Methods. Infected
tissues were incubated at 377 and harvested at various times over adescribed above. Infected organotypic tissues were har-
96-hr period, and viral replication was titered on Vero cells as describedvested at various times over a 48-hr period, fixed in 10%
under Materials and Methods. Viral replication was graphed as totalbuffered formalin, and paraffin-embedded. Thin sections
plaque forming units per infected organotypic culture. The zero time
of tissue from the various time points were stained with point indicates the titer of the initial inoculum used to infect all tissues
hematoxylin and eosin or immunostained with an HSV- within the experiment.
1 ICP4 monoclonal antibody (Yao and Courtney, 1989)
using the VECTASTAIN Elite ABC Kit (Vector Labora-
tories, Burlingame, CA) according to the manufacturer’s and exhibited similar replication kinetics (Fig. 2).
Mock-infected cultures were always negative for virus.instructions.
Foreskin organotypic epithelial tissues infected with
the ICP6D RR mutant also exhibited eclipse, logarith-
RESULTS
mic, and plateau growth phases (Fig. 2). In contrast
to virus titers of 107 to 108 PFU per infected cultureGrowth kinetics of wild-type HSV-1 and the
obtained 48 and 96 hr postinfection with wild-typeribonucleotide reductase mutant, ICP6D, in
HSV-1, infection with the RR mutant produced virusorganotypic epithelial culture tissues
titers of 105 to 106 PFU at 48 and 96 hr postinfection.
This represents an approximate 100-fold decrease inOrganotypic foreskin and ectocervical epithelial cul-
ture tissues were assayed for their ability to support RR mutant virus titer compared to wild-type virus when
grown on full-thickness epithelial tissues.HSV infection. When tissues were fully stratified and
differentiated, 103 to 104 PFU of either wild-type HSV- An experiment was conducted to determine if infec-
tion of the tissue was the result of virus penetrating1 or the ICP6D RR mutant was applied to the top
cornified layer of the epithelial tissue. Mock-infected the epithelial tissues from the top. Alternatively, the
infection may have originated from virus that ran offtissues were also included. Tissues were harvested
1, 6, 12, 18, 24, 30, 36, 48, and 96 hr postinfection as the tissue during the infection process (see Materials
and Methods) and infected the basal cell layer by dif-described under Materials and Methods. Virus titra-
tions were performed on Vero cells at each time point fusing up through the collagen layer. Even though care
was taken to remove runoff virus inoculum from theand graphed as total PFU per infected organotypic
culture (Fig. 2). Infection of either foreskin or ectocervi- plate before adding growth medium and incubation, it
was important to show that infection took place onlycal tissues by wild-type HSV-1 exhibited typical infec-
tion kinetics with eclipse, logarithmic, and plateau when virus penetrated the cornified and suprabasal
layers to come in contact with and infect the basalgrowth phases (Fig. 2). Studies were repeated several
times with equivalent results. Foreskin and ectocervi- cell layer. Fully stratified and differentiated organo-
typic foreskin culture tissues were inoculated withcal tissues were both able to support HSV-1 infection
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with this monoclonal antibody demonstrates active
HSV-1 replication. Whereas tissue inoculated from
above showed numerous stained infected nuclei in
the basal and suprabasal layers of the tissue, tissue
inoculated from below showed a complete absence
of nuclear staining (Fig. 3).
Spread of wild-type HSV-1 and ribonucleotide
reductase mutant, ICP6D, in organotypic epithelial
culture tissues
The effects and spatial pattern of HSV-1 viral spread
in full-thickness epithelial tissue were assayed in or-
ganotypic foreskin epithelial culture tissues. Hematoxylin
and eosin staining was done to examine the effect of
virus infection on epithelial morphology (Fig. 4). Changes
in normal tissue morphology were clearly seen 24 hr
postinfection with wild-type virus (Fig. 4C). Cells of the
intermediate layers (granulosum and spinosum) were en-
larged and suggested syncytia formation in vivo. The
basal cell layer exhibited an altered cell morphology and
appeared hyperplastic. These alterations progressively
increased until 96 hr postinfection (Figs. 4A – 4F). Tissues
infected with the RR mutant showed little alteration in
normal tissue morphology until 96 hr postinfection, when
the basal cell layer appeared enlarged (Figs. 4M –4R).
Thin sections of organotypic cultures infected with
wild-type and RR mutant viruses were immunohisto-
chemically analyzed to determine the number of cells
FIG. 3. Immunostaining of normal human epidermal organotypic (raft) infected and the location of the infected cells within the
culture tissue infected from the top or bottom with herpes simplex epithelial architecture (Fig. 4). An HSV-1 ICP4 monoclonal
virus. Fully stratified and differentiated organotypic culture tissues de-
antibody was used to identify cells that were undergoingrived from human foreskin keratinocytes were infected with wild-type
virus replication events. As early as 12 hr postinfection,herpes simplex virus type 1 (HSV-1 KOS) either (A) by applying 103 to
104 PFU of virus to the top of the organotypic tissue (stratum corneum) a few nuclei of the basal cell layer showed positive stain-
or (B) by applying virus directly to the underlying culture medium at a ing in both wild-type and RR mutant infected tissues
concentration of 500 PFU/ml in a total of 6 ml. The viral inoculum (Figs. 4H and 4T). By 24 hr postinfection ICP4-positive
applied in (B) was allowed to remain in the culture medium for the
nuclei were detectable in the suprabasal layers of wild-duration of the incubation period. Infected tissues were incubated at
type but not RR mutant-infected tissues (Figs. 4I and377, harvested at 48 hr postinfection, and fixed in 10% buffered formalin.
Thin sections of tissue were immunostained with an HSV-1 ICP4 mono- 4U). The number of nuclei, basal and suprabasal, with
clonal antibody. detectable HSV replication greatly increased between 12
and 96 hr postinfection with wild-type virus (Figs. 4H–
4L). In RR mutant-infected tissue, suprabasal nuclei with
wild-type HSV-1 either by applying 103 to 104 PFU of
HSV replication were not detected at any time postinfec-
the virus in a total volume of 0.5 ml to the top of the
tion (Figs. 4S– 4X). Furthermore, rarely were more thantissue or by applying virus directly to the underlying
two infected nuclei seen in a single microscope field in
culture medium at a concentration of 500 PFU/ml in a
RR mutant-infected tissues.
total volume of 6 ml. The virus inoculum applied to the
Interestingly, even at 48 hr postinfection, large regions
culture medium was allowed to remain for the duration
of epithelial tissues demonstrated no detectable evi-
of the 48-hr incubation period. No virus was detected dence of infection with wild-type HSV-1 (Fig. 5). Sections
by titrations from tissues where the inoculum was ap- of wild-type HSV-1 infected tissue showed a highly in-
plied underneath the tissue in the culture medium. fected region as demonstrated by morphological
Tissues infected concurrently by applying the inocu- changes (Fig. 5A) and immunohistochemical identifica-
lum on top of the tissue had titers reaching 108 PFU/ tion of infected nuclei (Fig. 5B) adjacent to a region of
culture in 48 hr. Cultured tissues inoculated from the tissue appearing uninfected.
above (application to the top cornified layer) and be-
DISCUSSIONlow (application in the culture medium) were exam-
ined by immunohistochemical staining with an HSV-1 To better understand the initial infectious process and
spread of HSV in fully stratified and differentiated epithe-ICP4 monoclonal antibody. Positive nuclear staining
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lial tissue, we have employed the organotypic epithelial
tissue culture system. The organotypic tissue culture sys-
tem has been shown to accurately represent in vitro the
in vivo phenotypes of epidermis (Asselineau and Prunie-
ras, 1984; Asselineau et al., 1986; Fuchs, 1990; Meyers
and Laimins, 1994).
Our studies show the facility of the organotypic tissue
culture for investigations concerning the initial infectious
process and spread of HSV. However, use of this system
cannot address subsequent steps in the natural infection
of HSV, such as infection and development of a latent
state in neuronal tissues. Data presented strongly sug-
gest that virus particles passed through gaps (microabra-
sions) in the suprabasal layers to infect the basal cells
and initiate viral replication (Figs. 3 and 4), similar to
the in vivo situation. Both wild-type and mutant viruses
followed the standard infection kinetics with eclipse, log-
arithmic, and plateau growth phases (Fig. 2). Wild-type
HSV-1 infected and replicated with the same kinetics and
viral titers in tissues derived from ectocervical keratino-
cytes as in tissues derived from foreskin keratinocytes.
This will allow us to pursue future investigations compar-
ing the genetics and pathogenesis of HSV in two tissues
commonly infected in vivo. We have also infected organo-
typic tissues with wild-type HSV-2 with results similar to
those obtained with HSV-1 (data not shown).
It has recently been reported by Syrjanen et al. (1996)
FIG. 5. Limited spread of herpes simplex virus infection in stratified
that using a low-PFU inoculum to infect organotypic cul- and differentiated epithelial tissues. Fully stratified and differentiated
ture tissue resulted not in active replication of the virus culture tissues derived from human foreskin keratinocytes were in-
fected with wild-type herpes simplex virus type 1 (HSV-1 KOS). To eachbut in the development of latency. We have used inocula
tissue 103 to 104 PFU of virus was applied as described under Materialsof 10 PFU to infect organotypic culture tissues and
and Methods. Infected tissues were incubated at 377, harvested afterhave demonstrated viral titers of more than 103 PFU at
a 48-hr incubation period, and fixed in 10% buffered formalin. Thin
48 hr postinfection (data not shown). Instead of a 10,000- sections of tissue were stained with hematoxylin and eosin (A) or
fold increase seen with a larger initial inoculum of 103 immunostained with an HSV-1 ICP4 monoclonal antibody (B). Note: The
left half appears as tissue infected with HSV-1 by exhibiting cytopathicto 104 PFU we saw an approximately 1000-fold increase
alterations of the epithelial tissue morphology (A) or positive ICP4 im-in 48 hr with an initial inoculum of 10 PFU. We expect
munostained nuclei (B). The right half of the tissue appears more nor-that if incubation was allowed to proceed longer than 48
mal (A) and lacks ICP4 positive immunostained nuclei (B).
hr, then the viral titer might eventually peak at 107 to
108 PFU. The difference between our results and those
obtained by Syrjanen et al. (1996) is probably due to the and spinosum) displayed enlarged cells reminiscent of
syncytia formation (Fig. 4C). Because many of the cellscell lines used. Our laboratory used primary keratino-
cytes derived from either foreskin or ectocervix and Syrja- in this area lack nuclei or have degenerating nuclei, it is
difficult to unequivocally distinguish between enlargednen et al. (1996) used the spontaneously immortalized
epidermal HaCat cell line (Boukamp et al., 1988). cells and syncytia. By 96 hr postinfection, tissue demon-
strating active HSV-1 infection had extensive morphologi-Hematoxylin and eosin staining demonstrated signifi-
cant changes in morphology in wild-type HSV-1-infected cal alterations lacking resemblance to stratified and dif-
ferentiated epithelium (Fig. 4F). In contrast, tissues in-tissues. The intermediate epithelial layers (granulosum
FIG. 4. Immunostaining of herpes simplex virus infected normal human epidermal organotypic (raft) culture tissue. Fully stratified and differentiated
culture tissues derived from human foreskin keratinocytes were infected with either wild-type herpes simplex virus type 1 (HSV-1 KOS) (A –L) or
HSV-1 ribonucleotide reductase (RR) mutant ICP6D (M– X). To each tissue 103 to 104 PFU of virus was applied as described under Materials and
Methods. Infected tissues were incubated at 377, harvested at various times over a 96-hr period, and fixed in 10% buffered formalin. Thin sections
of tissue from various time points were stained with hematoxylin and eosin (A – F and M– R) or immunostained with an HSV-1 ICP4 monoclonal
antibody (G– L and S –X). Arrows point to examples of virus infected cells found within various tissue thin sections staining positive with the ICP4
mAb. (A, G, M, S) 1 hr postinfection; (B, H, N, T) 12 hr postinfection; (C, I, O, U) 24 hr postinfection; (D, J, P, V) 36 hr postinfection; (E, K, Q, W) 48
hr postinfection; and (F, L, R, X) 96 hr postinfection.
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fected with mutant ICP6D HSV-1 demonstrated minimal mechanism. The lack of cells negative for keratin 14 or
keratin 1 in organotypic culture tissues grown from ourmorphological alterations even at 96 hr postinfection
(Figs. 4M– 4R). We do not believe the lack of cytopathic keratinocyte cell lines (Ozbun and Meyers, 1996) sug-
gests that nonkeratinocytes such as Langerhan’s cellseffects is due to slow growth of the mutant virus for the
following three reasons: (i) viral titers obtained in raft or other immune cells are not present. Because of the
lack of immune cells in the system, we are unable totissues were equivalent to those obtained in monolayer
culture; (ii) viral growth curves reached a plateau at 36 determine their role in the initial infection and spread of
the virus in the tissue. The lack of immune cells in ourhr postinfection (Fig. 2); and (iii) the number of infected
cells as measured by ICP4 immunostaining, and synthe- in vitro organotypic tissues suggests that part of the limi-
tation to viral spread lies in the nonimmune componentsis of virions as measured by standard viral titrations,
correlate with the development or lack of development (keratinocytes) of the epithelium. The high degree of po-
larization and formation of tight junctions seen in theof cytopathic effects.
We propose that the inability of the mutant ICP6D organotypic epithelial tissues may in some way contrib-
ute to the limitation of spread by the virus as previouslyHSV-1 to spread to suprabasal layers of cells is due
to the differentiation process of the tissue. When a described (Hayashi, 1995). However, fibroblasts used in
the collagen component of the organotypic culture arebasal cell divides one of the daughter cells migrates
upward and begins a complex differentiation program. capable of producing interferons which could affect the
spread of the virus.One of the first changes that occurs in the differentia-
tion process is the turning off of DNA replication ma-
chinery (Fuchs, 1990). The mutant ICP6D virus is de- ACKNOWLEDGMENTS
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